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Abstract. We report preliminary results of a project to homogeneously mea- 
sure star formation histories for the majority of Local Group dwarf galaxies, 
based on archival WFPC2 observations. For the dwarf spheroidal and elliptical 
galaxies, we find that the more luminous systems all show extended star for- 
mation episodes, while the less luminous systems typically formed most of their 
stars over ten Gyr ago. Irregular galaxies show no comparable trend. We find 
that a galaxy's classification as an irregular or spheroidal is entirely explained 
by its star formation within the past Gyr or less. Several elliptical/spheroidal 
systems actively formed stars within the past two Gyr, and would have been 
indistinguishable from present-day irregulars if observed two Gyr ago. 



1. Introduction 

The Local Group is home to a diverse collection of dwarf galaxies, which show 
wide ranges in mass, luminosity, and stellar content. While the dwarf galaxies 
comprise only a small fraction of the Local Group's total mass and light, they 
are astrophysically important for a variety of reasons, such as their role as labo- 
ratories in which star formation processes can be studied in the absence of spiral 
density waves and interactions. 

Dwarf galaxies fall roughly into two morphological classes: spheroidal and 
irregular. As the names suggest, spheroidal systems have fairly round and 
smooth contours, while irregular systems tend to be dominated by bright re- 
gions of current or very recent star formation. Several other trends are related 
to the star formation/morphological type relationship: irregular galaxies have 
Ha emission and high gas fractions, while spheroidals do not. Additionally, 
one finds that the older populations of irregular galaxies ten d to show smoother , 
rounder contours similar to those of spheroidals (for example. iMiller et al.ll200lh . 

What is unclear is the cause of the irregular /spheroidal differences. One 
clue may be found in the spatial distribution of dwarfs within the Local Group, 
shown in Figure ^ Spheroidals tend to be found near the massive galaxies (M31 
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Figure 1. The Local Group neighborhood, centered on the Galaxy. Large 
black circles represent the spirals, red circles the ellipticals and spheroidals, 
blue triangles the irregulars, and orange diamonds the transition- type galax- 
ies. The grid spacing is 250 kpc. To avoid clutter, names of systems less 
than 300 kpc from M31 or the Galaxy have been omitted. Note that color is 
present only in the electronic version. 



and the Galaxy), while irregulars tend to be isolated. Another clue may exist in 
the presence of a small number of systems whose properties are between those of 
spheroidal and irregular galaxies and thus do not fall neatly into the classification 
scheme. However, all of these clues are based on the present-day conditions of 
the systems. To understand why systems show their current properties, we 
need to know their characteristics in the past - something we can achieve by 
measuring their star formation histories. 

During the past decade, advances in stellar evolution models and computing 

power have facilitated increasingly precise methods for measuring star formation 

histo ries (for example, Tolstoy &: Saha 1996; Dolphin 1997; Aparicio, Gall art. Sz Bertellil 
^93) , but these have generally been carried out in a sufficiently inhomogeneous 
fashion that comparisons are difficult. To fill this need, we have begun work 
on a legacy HST program designed to measure star formation histories of the 
majority of Local Group systems. Our photometry was taken from the HST Lo- 
cal Group stellar photometry archive (Holtzman, Afonso, & Dolphin in prep), 
which contains WFPC2 photometry of all Local Group galaxies with broadband 
colors. We present preliminary results of our history program here. 

With the star formation histories in hand, one can begin addressing galaxy 
morphologies by examining the variety of star formation histories within a mor- 
phological class, as well as the similarities and differences between the morpho- 
logical classes. 



2. Measuring Star Formation Histories 
2.1. Procedure 

Before examining the star formation histories of Local Group dwarfs, it is useful 
to review how these histories are measured. Regardless of the details of the 
measurement procedure, the underlying approach is constant: to find the star 
formation history most likely to have produced the observed data. In principle, 
this approach can be used with any type of data on a galaxy - variable star 
content, integrated colors or spectra, color-magnitude diagrams (CMDs), stellar 
line indices, etc. In practice, the best data for the largest number of stars 
are contained in CMDs, so the history measurement process becomes one of 
modeling the observed CMD using synthetic CMDs corresponding to various 
histories. 

In order to carry out this measurement, one needs the ability to create 
a synthetic CMD for any potential star formation history, as well as a way 
to determine how well each synthetic CMD matc hes the observe d data. The 
procedure for doing this was described in detail bv lDolphinl (j2002) and will not 
be repeated here. 
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Figure 2. Results of our Monte Carlo tests. The left panel shows star 
formation rate vs. age; the right panel shows the age-metallicity relations. In 
both panels, the input values are shown by the red dotted lines. The solid 
blue lines with error bars show the recovered mean values and rms scatter. 



Figure 3. Residuals between the observed CMD and the best-fitting model. 
At left is the C0Z7 data set from the Cozumel experiment (Holtzman et al., 
this volume); as expected the residual pattern is almost completely random. 
The residuals against an actual CMD, shown at right for IC 1613, are mostly 
random but show coherent structure in the red clump region. 



We have used the isochrones of iGirardi et alJ ()200(]| ) to generate our star 
formation histories, as these are the only set that presently have sufficiently 
high-mass stars to model the youngest populations, the necessary metallicity 
range, and complete evolution (including the horizontal branch and TP-AGB 
phases) . Other sets of models ( VandenBerg et al.1l200Cll : iPietrinferni et al■|l2004^ 
lack high-mass stars but could be used for galaxies without ongoing star forma- 
tion; however to produce a homogeneous set of histories we prefer to use a single 
set of models throughout. 



2.2. Accuracy of Measurement 

To test the accuracy of the measurement process, we have created a star forma- 
tion history based loosely on what we measured for the Tucana dwarf. Using 
this history and the artificial star library from the Tucana photometry, we have 
created fifty random realizations of the CMD and measured a star formation 
history, distance, and foreground extinction of each. 

Figure[21shows the mean recovered star formation history and age-metallicity 
relation, along with the rms scatter. As is apparent from these plots, the input 
relations were indeed recovered correctly. In addition, the distance modulus and 
V extinction were recovered correctly with rms scatter of 0.006 magnitudes. 

An additional point is worth mentioning. To produce the most useful star 
formation history, one would generally prefer a binning scheme for which the 
uncertainties in SFR(t) are relatively constant, and it is apparent from Figure 
121 that the logarithmic scheme adopted here is close in this regard. 



2.3. Isochrone Uncertainties 

While the tests in the preceding section address the statistical accuracy of the 
solution, they fail to demonstrate how accurately a history can be measured, 
given that there are uncertainties in the isochrones. For the majority of cases, 
the CMD fit will be fairly good, in that the difference between the observed 
and synthetic CMD is mostly noise. However, it is common to see coherent 
patterns in the red clump and supergiant regions in even the best fits (Figure 
E)), indicating minor isochrone errors. Making fits with small offsets in distance 
and extinction will simulate such errors, and the rms scatter between those fits 
is a reasonable proxy for the resulting uncertainties. 

The most significant problem exists in the case of a young system (most 
stars < 2 — 3 Gyr), which will contain a large number of bright red clump stars. 
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Unfortunately, this is an evolutionary phase that is particularly poorly modeled, 
and a distance measurement using CMD fitt ing will produc e a distance that is 
a few tenths of a magnitude too short (^Dolphin et al.ll2003l l. This can be used 
as a diagnostic. If one finds those numbers being drawn away from reasonable 
values, it is useful to produce three solutions: the original fit (at the correct 
distance and extinction), a second using a coarser CMD binning, and a third in 
which the offending evolutionary phase is cut out. Variations between the three 
solutions give an idea of how much the fit is affected by the isochrone errors; it 
is typically surprisingly little. 

Thus, despite the imperfections of isochrones, a carefully-designed star for- 
mation history routine will produce accurate results provided that care is taken. 



3. Ellipticals and Spheroidals 

Armed with a general understanding of how star formation histories are mea- 
sured, we now turn to the dwarf galaxies of the Local Group. The first set of 
galaxies to be examined are the dwarf ellipticals and dwarf spheroidals, which 
are generally assumed to have the simplest star formation histories because of 
the lack of current or very recent star formation. 

Unless otherwise noted, the CMDs are taken from the HST Local Group 
stellar photometry archive (Holtzman et al. in prep) and the star formation 
histories have been measured by us. 

3.1. Sculptor 



Figure 4. CMD fH urlev-Keller. M ateo, fc Grebcr'1999'. from CTIO 4m ob- 
servations) and star formation history ( Hurlev-KcUer 2000) for the Sculptor 
dSph. For this and subsequent plots, star formation rates are given in units of 
Mq M yr~^. S tar formation histories are shown graphically using population 
boxes ()Hodgel fl989'). 

We begin this discussion with an examination of five representative early- 
type systems. The first such galaxy is the Sculptor dwarf, whose CMD and star 
formation history are shown in Figure 0] 

The CMD of this system is typical of the low-mass dwarf spheroidals. One 
finds a relatively narrow main sequence turnoff corresponding to ancient stars 
and a well-populated horizontal branch. Indeed, the CMD is not unlike that of 
an old globular cluster. There are a non-zero number of stars above the ancient 
main sequence turnoff; whether these are blue stragglers or a small number of 
younger stars is unknown. ^^^^^^^^^ 

Not surprisingly, the star formation history measured by iHurlev-Kelleil 

( 200Clt ) is that of an ancient system. Over 90% of the stars formed older than 10 
Gyr ago, and the small amount of more recent star formation is due to the stars 
that may or may not be blue stragglers. (If they are blue stragglers, the entire 
population of Sculptor could be ancient.) 
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Figures. CMP and star form ation history for Ml 10 . In this and subsequent 
plots, isochrones are taken from lGirardi et al] l|2000(l and correspond to ages 
of 10^ (blue in the electronic version), 10^ (green), 10® (orange), and 10^0 
(red) years. 

3.2. MHO (NGC 205) 

The second representative system is MllO, which falls at the luminous end of the 
Local Group early-type galaxies. Its CMD and star formation history are shown 
in Figure |SJ Comparing its CMD with that of Sculptor, there are several striking 
differences. First is the presence of a dominant red clump and only a weak 
horizontal branch, which falls near the turnoff of the 1 Gyr isochrone. (That the 
slight overdensity of stars in this part of the CMD is a horizontal branch rather 
than a young turnoff o r noise is demonstrated by the presence of RR Lyraes 
( Saha. Hoessel. fc: Kris t 1992).) The strength of the red clump relative to the 
horizontal branch indicates that the bulk of star formation happened much more 
recently than in Sculptor. Indeed, the stars bright and blue of the red clump 
are likely blue loop stars with ages from several hundred Myr to ~ 1 Gyr. 

In addition, the color of the RGB tip implies that MllO is at a much higher 
metallicity than Sculptor. The isochrones are for [M/H] = —0.4; the 10 Gyr 
isochrone is only slightly redward of the red giant branch implying a metallicity 
slightly less than this value. 

The measured star formation history indicates that approximately half of 
the stars in MllO were formed in the past 10 Gyr (compared with under 10% 
in the case of Sculptor). A strong episode of star formation several Gyr ago had 
approximately an equal star formation rate as the oldest star formation, and is 
responsible for the red clump. Because the data do not reach the ancient main 
sequence turnoff, it is probably unwise to attempt a more detailed analysis of 
the stars older than a few Gyr. 

3.3. Leo II (DDO 93) 



Figure 6. CMD and star formation history for Leo II. 

While the majority of early-type systems in the Local Group look something 
like MllO or Sculptor, it is worthwhile to discuss a few more objects in some 
detail before skimming through the remainder. 

The first case is Leo II, which falls towards the fainter end of these systems 
but has a broad main sequence turnoff indicative of an extended star formation 
episode. For the metallicity of the plotted isochrones ([M/H] = —1.3), we find 
that the color matches the RGB color well, but the turnoff is near the faint end 
of the observed turnoff. This implies a relatively large number of stars younger 
than 10 Gyr. 

The star formation history accurately follows these expectations. We find 
no significant star formation in the past Gyr, but that slightly over half of the 
stars were formed within the past 10 Gyr. 
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Figure 7. CMD and star formation history for the Carina dSph. From hk98, 
using CTIO 4m observations. 

3.4. Carina 

One of the earlier dwarf spheroidals known to have an extended star formation 
history is the Carina dwarf; its CMD and star formation history are shown in 
Figure [7| Rathe r than a single, broad turnoff as was s een for Leo II, Carina's 
CMD was fit by iHurlev-Keller. Mateo, fc Grebell (|l998l 'l as the combination of 
three single-age populations - approximately 20% ancient stars, 50% of the stars 
approximately 7 Gyr old, and the remaining 30% of stars formed a few Gyr 
ago. Whether the star formation is exactly zero between these populations, or 
whether the CMD would be equally well fit with a smoother function, is unclear. 

3.5. Leo I (DDO 74) 



Figure 8. CMD and star formation history for Leo I. 

The fifth and final representative early-type system is Leo I, whose CMD 
and star formation history are shown in Figure |H1 While Leo I shows the typ- 
ical ancient population (a turnoff near the oldest isochrone and a horizontal 
branch), it also shows a main sequence extending slightly youngward of the 
1 Gyr isochrone, as well as a vertically-extended red clump that is typical of 
younger populations. 

Examining the star formation history, we find the youngest system yet, 
with 75% of its star formation younger than 10 Gyr. The plot of the star 
formation history shows a moderate initial star formation rate, rising to a peak 
approximately 3 Gyr ago and falling to zero by a few hundred Myr ago. 

3.6. Other Early-type Systems 

M32 (NGC 221) The main sequence extends nearly to the 100 Myr isochrone 
in this system, indicating the presence of a very young population. Indeed, the 
average star formation rate over the past Gyr is ~ 60% of its lifetime average. 
As is typical for the more massive early-type systems, about half of the stars 
were formed in the past 10 Gyr. 

NGC 147 (DDO 3) Photometric errors are not sufficient to reproduce the 
large number of blue stars at the base of the CMD. Therefore the fit is to a 
star formation history somewhat like that of Leo I, although the recent burst is 
about 4 Gyr ago. The shape of the red clump is consistent with this history. 

NGC 185 Similar to NGC 147, except that the ratio of blue HB to red clump 
stars is larger, and thus the star formation history between the ancient epoch and 



Figure 9. CMD and star formation history for M32. 
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Figure 10. CMD and star formation history for NGC 147. 
Figure 11. CMD and star formation history for NGC 185. 

the most recent large event is flatter. The detected mini-burst of star formation 
700 Myr ago could be due to older blue stragglers. 

Sagittarius The Sagittarius dwarf is most difficult Galactic companion to study, 

due to the high amount of foreground contamination. ' Bellazzini. Ferraro. Sz Buonannol 

used a statistically cleaned ground-based CMD to determine the history 
shown here. 

Fornax The CMD of the Fornax dwarf shows a main sequence that extends 
above the horizontal branch, implying the presence of younger stars than are 
present in most spheroidals. 

Cassiopeia (Andromeda VII) The best photometry available for the Cassiopeia 
dwarf is a pair of 600 second exposures taken as part of a WFPC2 snapshot 
program. The handful of bright blue stars may indicate the presence of a young 
population, or may just be foreground contamination. Aside from the presence 
of ancient stars, as evidenced by the blue extension of the HB, little can be said 
about this system. 

Andromeda I As with other M31-distance systems, it is unclear whether the 
brightest blue stars are at the age implied by their main sequence turnoff, or 
blue stragglers. The number of stars above the red HB favors the interpretation 
of a younger population. 

Andromeda II Similar to Andromeda I, except that the intermediate-age popu- 
lation appears to be slightly stronger. Approximately 60% of the star formation 
occurred less than 10 Gyr ago. 

Andromeda VI Likely an older system (~ 25% of the star formation was less 
than 10 Gyr ago), but the shallower photometry prevents a detailed study of 
the ancient populations. 

Andromeda III The case for a few Gyr old population is much clearer for 
Andromeda III; there are too many blue stars for all to be blue stragglers. 

Cetus Another WFPC2 snapshot target, and consequently another highly un- 
certain history. 



Figure 12. CMD and star formation history for the Sagittarius dSph, from 
iBellazzini. Ferraro. fc Buonannol l)1999ri . using ESO 3.5m NTT observations. 
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Figure 13. CMP and s tar fo rmation history for the Fornax dSph, from 
iSaviane. Held, k Bertellil l)200Clj) . using observations from the ESO/Danish 
1.54m telescope. 

Figure 14. CMD and star formation history for the Cassiopeia dSph. 

Tucana Most (~ 80%) of the stars formed over 10 Gyr ago. The episode of 
star formation a few Gyr ago is likely real; the brighter red clump stars and 
width of the lower RGB indicate this. However, the 700 Myr bm'st could be due 
to residuals of fitting the horizontal branch. 

Sextans A simple, primarily ancient spheroidal. 

Ursa Minor (DDO 199) Another simple, primarily ancient spheroidal. 

Andromeda V The width of the RGB indicates that Andromeda V isn't a 
simple population like comparably low-luminosity galactic companions (Ursa 
Minor and Draco). The nature of any extended star forming event is unknown 
due to the relatively shallow photometry. 

Draco (DDO 208) A simple, primarily ancient spheroidal. The apparent young 
burst is almost certainly attributable to blue stragglers. 

3.7. Histories of Spheroidals 

The most noticeable trend among the star formation histories of these systems 
is that most luminous (and presumably most massive) systems generally had 
extended episodes of star formation, and formed at least half of their stars during 
the past 10 Gyr (well more than half for the cases of NGC 147, Sagittarius, and 
Fornax). Of the less luminous systems, only Leo I, Andromeda II, Leo II, and 
Carina show clear signs of a majority of the star formation having come within 
the past 10 Gyr. 

4. Irregulars 

4.1. IC 1613 (DDO 8) 

A glance at the CMD of IC 1613 (Figure ESJ shows the full set of features that 
can be present in a color-magnitude diagram: a main sequence extending to the 
bright limit of the photometry, blue and red helium burning stars, a red giant 
branch, a red clump, and a horizontal branch. 

The recovered star formation history matches these expectations well. The 
maximum star formation occurred ~ 3 Gyr ago, explaining the overabundance 
of red clump stars. At the young end, the ages become degenerate once the 
main sequence turnoff is brighter than the saturation limit of the photometry 



Figure 15. CMD and star formation history for Andromeda I. 
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Figure 16. CMD and star formation history for Andromeda II. 



Figure 17. CMD and star formation history for Andromeda VI. 



Figure 18. CMD and star formation history for Andromeda III. 



Figure 19. CMD and star formation history for the Cetus dSph. 



Figure 20. CMD and star formation history for the Tucana dSph. 



Figure 21 . CMD and star formation history for the Sextans dSph, from 

iLee et all 12003.1 . using 3.6m CFHT observations. 



Figure 22. CMD a nd star formation history for the Ursa Minor dSph, from 
iCarreraet all l)200^ . using 2.5m INT observations. 



Figure 23. CMD and star formation history for Andromeda V. 



Figure 24. CMD and star formation histo ry for the Draco dSph, from 
lAparicio. Carrera. fc Martinez-Delgadol l)2001[) . using 2.5m INT observations. 



Figure 25. CMD and star formation history for IC 1613. 
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(something that will be seen throughout the irregular galaxies), and thus we 
compute only an average rate over that time. Otherwise the star formation rate 
has been constant to within a factor of two; the rate over the past Gyr equals 
the lifetime average. 

An important feature of this system is that the large number of stars be- 
tween the main sequence and RGB at / 26 are not spurious detections near 
the limits of the photometry. Instead, those stars represent the main sequence 
turnoff and subgiant branch of the intermediate-aged stars that constitute the 
3 Gyr old star formation event. The accuracy with which these ages can be 
probed with deep photometry such as this demonstrates the importance of not 
settling for less-precise age indicators, such as the red clump or HB morphology, 
that can be seen in the brighter parts of the CMD. 

4.2. NGC 6822 (DDO 209) 



Figure 26. CMD and star formation history for NGC 6822. 

The color-magnitude diagram of NGC 6822 (Figure I26() looks much like 
that of IC 1613, except that the youngest populations (most notably, the main 
sequence) are much stronger, to the extent that the horizontal branch is lost in 
the noise of the 1 Gyr turnoff. (That a horizontal branch exists i s known by 
the presence of RR Lyraes, as reported bv IClementini et al.1 (l2003al V^ 



Not surprisingly, the measured star formation history is rather similar to 
that for IC 1613, with the primary difference being the star formation rate over 
the past 100 Myr. Normalizing to the lifetime average star formation rates, 
NGC 6822 has twice as many stars younger than 100 Myr than does IC 1613. 
Whether or not this is meaningful is unclear, as both systems show fluctuations 
in their star formation rates of a factor of two. 

4.3. Leo A 



Figure 27. CMD and star formation history for Leo A. 

Moving from NGC 6822 to Leo A involves a significant reduction in lumi- 
nosity, and consequently a much less populated CMD (Figure OTj) . The biggest 
clue that the systems have much different star formation histories comes from 
the number of blue helium-burning stars (the sequence extending bright and 
blue from the red clump), which have ages of under 1 Gyr. The star formation 
rate during this time has been a factor of two greater than the lifetime average, 
and a large fraction of Leo A's stars have formed in the past 2 Gyr. 

The presence of ancient stars is not immediately apparent from the CMD. 
The star formation history measurement program finds a significant ancient pop- 
ulation (40% of the stars are older than 10 Gyr), but difficulties in modeling the 
oldest populations renders this uncertain. However, RR Lyrae stars have been 
detected in Leo A (.Dolphin et al. 2002), indicating that a significant number of 
ancient stars are indeed present and providing some additional confidence in our 
star formation histories. 
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Figure 28. CMD and star formation history for Sextans A. 

4.4. Sextans A (DDO 75) 

The final representative irregular galaxy is Sextans A, whose CMD (Figure |2H1) 
is dominated even more by young stars than was Leo A. Sextans A has the 
highest recent star formation rate (again, normalized to its lifetime average) of 
any Local Group galaxy - its star formation rate over the past Gyr is a factor of 
three times its average, while over the past 100 Myr the ratio is more than five. 

As with Leo A, a small number of ancient stars are inferred from the CMD. 
However, Sextans A's greater distance has thus far prevented a direct confirma- 
tion of this with RR Lyraes. 

What caused Sextans A to resume forming stars 2 — 3 Gyr ago is unknown, 
as it is relatively far from any other system in the sky and thus lacks an obvious 
candidate for interaction. 

4.5. Other Late-type Systems 



Figure 29. CMD and star formation history for M33. 

M33 (NGC 598) Although not technically a dwarf galaxy, M33 has been in- 
cluded for the sake of completeness as it can be considered a member of the 
M31 group. The CMD (Figure I29() is a combination of two HST pointings, 
which gives the impression of two photometric cutoffs (/ ~ 25.5 and I = 26.5). 

LMC The LMC is covered by the contribution of Harris in this volume. 

IC 10 Due to heavy foreground extinction, the IC 10 CMD is extremely shal- 
low. Thus the caveats from the WFPC2 snapshot targets are applicable here. 
Based on the ratio of red to blue stars, the recent star formation rate is approx- 
imately a factor of two less than the lifetime average. 

SMC (NGC 292) The SMC is covered by the contribution of Harris in this 
volume. 

NGC 3109 (DDO 236) Another snapshot target with shallow photometry. As 
best as can be measured, NGC 3109 has a roughly constant star formation 
history, except for an increase by a factor of ~ 2 in the past 100 Myr. 

IC 5152 Another snapshot target with shallow photometry. 



Figure 30. CMD and star formation history for the LMC. The history is 
calculated from a single field, so may not be representative of the LMC's 
global history. 
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Figure 31. CMD and star formation history for IC 10. The history is cal- 
culated from a field at the center of the galaxy, so may not be representative 
of IC lO's global history. 



Figure 32. CMD and star format ion history for the SMC The SFH is a 
composite of the younger histo ry of iHarris fc Zaritskvl l|2004) and the older 
history of iDolnhin et alJ l|2n0lD . 

WLM (DDO 210) The CMD and star formation history (Figure ESj) are de- 
rived from two WFPC2 pointings. What is significant is that the episodic star 
formation (with quiescent phases ~ 4 and ~ 1 Gyr ago were recovered in both 
solutions, giving reasonable confidence in the recovered history. 

Sextans B (DDO 70) Another snapshot target with shallow photometry. 

SagDIG The Sagittarius dwarf irregular is an order of magnitude less luminous 
than any Local Group irregular other than DDO 210. The small number of stars, 
moderately high foreground extinction, and shallow snapshot photometry pose 
quite a challenge for measuring the star formation history. Nevertheless, the 
ratio of blue stars to red giants is quite high, so the general shape of our history 
is fairly robust. 

DDO 210 (Aquarius) A factor of five less luminous than SagDIG, DDO 210 
is by far the least luminous of the known dwarf irregulars. The low mass has 
made classification of this system somewhat difficult. On the basis of its lack 
of HII regions, this system has generally been classified as a dIrr/dSph galaxy. 
However, the CMD (Figure 155)) shows significant numbers of blue stars, resulting 
in a star formation history that is relatively flat. The most likely explanation 
for the lack of HII is that the galaxy's mass and consequently its star formation 
rate is so low that there don't happen to be any ionizing O stars at present. 

4.6. Histories of Irregulars 

Irregular galaxies seem to have a wide variety of star formation histories. Al- 
though our amount of information is hampered by the shallow photometry avail- 
able for a large number of these systems, it does seem that the majority of these 
systems are characterized by episodes of enhanced star formation history sepa- 
rated by lulls. The exceptions (such as the LMC and IC 1613) are found among 
the more luminous systems. 

Three special systems are Sextans A, the Sagittarius dwarf irregular, and 
Leo A. All three have recent star formation rates a factor of two or more higher 
than their lifetime averages. It is unclear if these three systems comprise a class 



Figure 33. CMD and star formation history for NGC 3109. The history is 
calculated from a field at the center of the galaxy, so may not be representative 
of NGC 3109's global history 
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Figure 34. CMD and star formation history for IC 5152. 
Figure 35. CMD and star formation history for WLM. 

of galaxies where star formation was triggered recently, or if they are merely 
extreme examples of stochastic star formation. 



5. Transition-type Galaxies 

5.1. Phoenix 

The available photometry for the Phoenix dwarf is the deepest (in absolute 
magnitude) of any system that is not a Galactic companion, extending to the 
oldest subgiant stars, and thus giving a robust history for even the ancient 
populations. The CMD (Figure shows a main sequence extending up to the 
100 Myr isochrone, and the full set of older populations. Particularly prominent 
is the horizontal branch, something that was often washed out by young stars 
in the irregular systems. Indeed, while our measurement finds stars as young as 
100 Myr, the majority of star formation in Phoenix occurred more than 10 Gyr 
ago. 

5.2. Other Transition-type Systems 

Pegasus (DDO 216) The photometry of the Pegasus dwarf isn't nearly as deep, 
and thus the detailed history at older ages is uncertain. However, the young stars 
indicate a rapidly declining star formation rate over the past Gyr, and a recent 
cessation of star formation. 

Antlia Of the transition- type galaxies, Antlia shows the greatest amount of 
recent star formation, most notable in the CMD by the blue helium-burning 
sequence. However, as with the others, it shows a strong red horizontal branch, 
indicating a high star formation rate at ancient times. 

LGS 3 (Pisces) Virtually a clone of Phoenix. 

5.3. Histories of Transition-type Systems 

The four transition- type galaxies show similar star formation histories. All 
formed half or more of their stars more than 10 Gyr ago, and have recent (past 
100 Myr) star formation rates that are less than half of their lifetime averages. 
It appears that these systems are former irregulars that have exhausted most of 
their gas and will evolve into spheroidals in the near future. 



Figure 36. CMD and star formation history for Sextans B. 
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Figure 37. CMD and star formation history for SagDIG. 
Figure 38. CMD and star formation history for DDO 210. 
6. Summary 

Recent improvements in stellar evolution models and computing power have 
permitted star formation histories to be measured with unprecedented detail. 
Rather than measuring histories very roughly based on counts of stars in var- 
ious evolutionary phases, modern techniques fit all features of the CMD using 
statistical comparisons between observed and synthetic CMDs. This permits 
not only a more detailed measurement of the star formation history, but also 
rough metallicity information. 

We have applied these techniques to a database containing deep photometry 
of most Local Group galaxies, producing the first homogeneous analysis of the 
Local Group using current star formation history techniques. The resulting star 
formation histories are summarized in Figures 1151 and IHl and Tabled 

Among the spheroidals and ellipticals, we find a correlation between abso- 
lute magnitude and the duration of the epoch of star formation, in the sense 
that more luminous galaxies generally formed their stars over a larger period of 
time. Specifically, all but four (Leo I, Andromeda II, Leo II, and Carina) of the 
fifteen least-luminous spheroidals formed the majority of their stars more than 
10 Gyr ago, while all of the six most-luminous ellipticals and spheroidals formed 
at least half of their stars within the past 10 Gyr. 

The irregulars show another trend with absolute magnitude, as the most 
luminous systems have the most steady star formation rates. This is not sur- 
prising, as one would expect the fluctuations due to stochastic star formation to 
have a greater effect in smaller systems. 

Comparing the histories of the various morphological types, we find that a 
galaxy's morphological type is entirely determined by its star formation history 
during the past Gyr or less. No spheroidal or elliptical galaxy has a significant 
amount of star formation in the past 100 Myr, and only M32 and Leo I show a 
significant amount of star formation in the past Gyr. In contrast, every irregular 
galaxy has a recent star formation rate (defined as the mean rate over the past 
100 Myr) of at least half its lifetime average, and all have ongoing star formation. 
As expected, transition-type galaxies fall in between, with minimal ongoing star 
formation and a recent star formation rate of between zero and half the lifetime 
average. 

The morphological classifications are not always unambiguous, with Antlia's 
properties placing it near the irregular /transition- type boundary while Leo I and 
M32 fall close to the speroidal/transition-type boundary. In addition, all sys- 
tems observed in sufficient detail have shown evidence of ancient populations - 
even Leo A and Sextans A, which are the most strongly dominated by young 



Figure 39. CMD and star formation history for the Phoenix dIrr/dSph. 
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Figure 40. CMD and star formation history for the Pegasus dIrr/dSph. 



Figure 41. CMD and star formation history for the Antha dIrr/dSph, from 
Dolphin et al. (in preparation). 



populations. The implication is that there is no firm division between the dwarf 
galaxy morphologies, but rather an evolutionary sequence: once a galaxy ex- 
hausts (or otherwise loses) its gas, it will change from an irregular through the 
transition-type phase, and eventually become a spheroidal. 
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Table 1 . Star formation history properties of Local Group galaxies 
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"Measured from the RGB tip (adopting A/j = — 4.01±0.10 for metal-poor stars) unless otherwise 
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Table 1. (continued) 



■^The average star formation rate over tiie past 100 Myr, normalized to the galaxy's lifetime 
average. 

"^The average star formation rate over the past Gyr, normalized to the galaxy's lifetime average. 
■^The fraction of the galaxy's star formation that has occured in the past 10 Gyr. 
■'^From the star formation histories. We note that these values tend to exceed spectroscopically- 
measured metalhcities. 
^Extinction obtained from CMD fitting. 

''Distance computed from the horizontal branch, adopting My = —0.61 ± 0.14. 

Carina: jPairOra. et~al[ J2003D ; Draco and Ursa Minor : IBellazzini et alj ||2002|): F ornax: 
IMackev fc Gilmord J2o'o?l: LMC: "Clementini et al.' |'2003b'); Sagittarius: 'Monaco ct al. (200^ 

Sculpt or: bas ed on RR Lyraes of.Ka luznv et ah (.1995) : Sextans: .Mateo. Fischer, fc Krzeminskil 

Eom) : SMC: IHilditch. Howarth. fc HarriesI J2005D . 



Figure 43. Star formation histories of elliptical and spheroidal galaxies. 
Colors correspond to the CMD features generated by each age. Red: RGB 
plus full HB. Orange: RGB plus red HB. Yellow: RGB plus red clump. Green: 
bright red clump. Blue: young MS and blue helium-burning stars. 



Figure 44. Star formation histories of irregular and transition-type galaxies. 
Colors correspond to the CMD features generated by each age. Red: RGB 
plus full HB. Orange: RGB plus red HB. Yellow: RGB plus red clump. Green: 
bright red clump. Blue: young MS and blue helium-burning stars. 



18 



A. E. Dolphin et al. 



Lee, M. G., Park, H. S., Park, J.-H., Sohn, Y.-J., Oh, S. J., Yuk, I.-S., Rey, S.-C, Lee, 
S.-G., Lee, Y.-W., Kim, H.-L, Han, W., Park, W.-K., Lee, J. H., Jeon, Y.-B., 
Kim, S. C. 2003, AJ, 126, 2840 

Mackey, A. D. & Gilmore, G. F. 2003, MNRAS, 345, 747 

Mateo, M., Fischer, P., & Krzeminski, W. 1995, AJ, 110, 2166 

Miller, B. W., Dolphin, A. E., Kim, M.-G., Kim, S.-C., & Hodge, P. W. 2001, ApJ, 562, 
713 

Monaco, L., Behazzini, M., Ferraro, F. R., & Pancino, E. 2004, MNRAS, 353, 874 
Pietrinferni, A., Cassis, S., Salaris, M., & Castelli, F. 2004, ApJ, 612, 168 
Saha, A., Hoessel, J. C, & Krist, J. 1992, AJ, 103, 84 
Savianc, I., Held, E. V., & Bertelli, G. 2000, A&A, 355, 56 
Schlcgcl, D. J., Finkbcincr, D. P., & Davis, M. 1998, ApJ, 500, 525 
Tolstoy, E. & Saha, A. 1996, ApJ, 462, 672 

VandenBerg, D. A., Swenson, F. J., Rogers, F. J., Iglesias, C. A., & Alexander, D. R. 
2000, ApJ, 532, 430 



This figure "AndIII_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "AndIII_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "AndII_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "AndII_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "AndI_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "AndI_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "AndVI_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "AndVI_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "AndV_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "AndV_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Antlia_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Antlia_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Aquarius_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Carina_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Carina_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Cas_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Cas_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Cetus_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Cetus_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "DDO210_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Draco_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Draco_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Fornax_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Fornax_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "IC10_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "IC10_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "IC1613_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "IC1613_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "IC5152_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "IC5152_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "LG.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "LGS3_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "LGS3_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "LMC_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "LMC_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "LeoA_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "LeoA_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "LeoII_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "LeoII_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "LeoI_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "LeoI_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "SFH3.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "M31_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "M32_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "M32_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "M33_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "M33_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "MC_SFR.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "MC_Z.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "NGC147_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "NGC147_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "NGC185_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "NGC185_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "NGC205_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "NGC205_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "NGC3109_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "NGC3109_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "NGC6822_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "NGC6822_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Pegasus_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Pegasus_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Plioenix_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Plioenix_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "SFH_dIrr.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "SFH_dSph.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "SMC_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "SMC_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "SagDIG_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "SagDIG_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Sagittarius_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Sagittarius_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Sculptor_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Sculptor_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "SexA_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "SexA_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "SexB_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "SexB_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Sextans_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Sextans_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Tucana_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "Tucana_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "UMi_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "UMi_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "WLM_CMD.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "WLM_SFH.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "res_icl613.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



This figure "res_syntli.ps.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0506430vl 



